Abstract: Seismic soil liquefaction is considered as one of the most complex geotechnical earthquake engineering problems owing to the uncertainty and complexity involved in soil parameters, seismic parameters, and site condition factors. Each one of these parameters contains a variety of factors that trigger liquefaction and have varying degrees of importance. However, estimating accurate and reliable liquefaction-induced hazards requires identification and benchmarking of the most influential factors that control soil liquefaction. Seismic soil liquefaction factors were identified by Systematic Literature Review (SLR) approach and analyzed through Interpretive Structural Modeling (ISM) and the Cross-Impact Matrix Multiplication Applied to Classification (MICMAC) methodologies. The ISM model presented the relationships between fifteen seismic soil liquefaction factors and their benchmarking position from higher to lower-level significant factors in hierarchy. MICMAC is used to examine the strength of the relationship between seismic soil liquefaction significant factors based on their driving and dependence power. This research characterizes the identification and benchmarking of the seismic soil liquefaction factors and their relationships. The results show that the factors-duration of earthquake, peak ground acceleration, drainage condition, and standard penetration test (SPT) blow counts-influence seismic soil liquefaction directly and soil type is the governing factor that forms the base of the ISM hierarchy and consequently triggers seismic soil liquefaction. The results provide a more accurate way of selecting significant factors for establishment of seismic soil liquefaction potential and liquefaction-induced hazards risk assessment models.
Introduction
Seismic soil liquefaction has been one of the most complex phenomena in geotechnical earthquake engineering over the past several decades and was brought to the notice of engineers after substantial damage from earthquakes in Niigata, Japan (1964) and Alaska, United States (1964), which had magnitudes of 7.5 and 9.2 on the Richter scale, respectively. Soil liquefaction is defined as "the transformation of granular material from solid to a liquefied state due to increased pore-water pressure and reduced effective vertical stress" [1] . Soil liquefaction depends on a diverse set of physical parameters with highly non-linear interconnections. The factors controlling the seismic soil and benchmark the important factors from the literature using a systematic literature review (SLR) approach, as described in Okoli and Schabram, 2010 and Tranfield et al., 2003 [14, 15] , and to clarify the relationships among them. ISM plays an essential role in such conditions and is a well-known methodology for understanding interactions between definite factors that describe a problem. The ISM method was developed by John N. Warfield, between 1971 and 1974 [16] and is based on the principle of pair-wise comparison. Over the years, ISM has received some development in its applications and techniques [17] .
The MICMAC method was developed by Michel Godet and François Bourse [18] . Matrice d'impacts croisés multiplication appliquée á un classment (MICMAC) a cross-impact matrix multiplication applied to classification is a structural prospective analysis used to study indirect relationships [19] . In an indirect relationship, one can observe three variables and their direct effects: variable X affects Y, variable Y affects Z, X and Z have no direct effect, but their relationship with Y is a cross-correlation, where any change in X will affect Z. This analysis is also known as gray area exploration [20] . This analysis complements the ISM approach by exploring constraints that usually refer to the ISM method: it explores the relationship "yes" or "no" and ignores the so-called gray area between 0 and 1 [17] . MICMAC analysis involves the development of a graph that classifies factors based on driving power and dependence power. MICMAC analysis is used to classify the factors and validate the interpretive structural model factors in the study to reach their results and conclusions.
In recent years, no comprehensive study covering the most important factors of seismic soil liquefaction has been published using the SLR approach in the development of ISM-based soil liquefaction model and this study is the first step in this direction. In this paper, two structural analysis methods, i.e., ISM and MICMAC analysis, were used to develop a comprehensive ISM model to provide a more accurate way of selecting significant factors for the establishment of seismic soil liquefaction potential and liquefaction-induced hazards risk assessment models. The significant seismic soil liquefaction factors were extracted from a literature review based on the SLR approach [14, 15] . The purpose of the SLR approach is to obtain qualitative information from scientific publications rather than to quantify research on the subject. Structural analysis reduces the system complexity of direct and indirect relationships between factors. The methodology combines two structural analysis techniques, interpretive structural modeling and a matrix-based multiplication applied to a classification analysis. ISM is a qualitative analysis method which can only act as a tool for imposing order and directions on the complexity of relationships among the factors. The significance and importance of this research work's results can provide guidelines for the selection of quantitative methods such as Bayesian Belief Networks (BBN) based on ISM for seismic soil liquefaction potential determination and liquefaction-induced hazards risk assessment models according to the soil liquefaction data.
The paper is organized into five sections. The significant seismic soil liquefaction factors from the literature review are presented in Section 2. Section 3 presents the structural analysis methodological procedure to model the seismic soil liquefaction factor interaction systems. Section 4 discusses the main results, and Section 5 presents the conclusions of the study. Some tables are shown in Appendices A and B, owing to their extension and to make easy for reading and interpretation of their respective content.
Literature Review
Systematic literature review (SLR) is a systematic, explicit, and reproducible method for identifying, evaluating, and synthesizing the existing body of completed and recorded work produced by researchers, scholars, and practitioners [21] . The rigorous Systematic Literature Review (SLR) approach is used in this study to ascertain the significant seismic soil liquefaction factors from the literature and consists of planning, selection, extraction, and execution phases (see Figure 1 ).
Systematic literature review (SLR) is a systematic, explicit, and reproducible method for identifying, evaluating, and synthesizing the existing body of completed and recorded work produced by researchers, scholars, and practitioners [21] . The rigorous Systematic Literature Review (SLR) approach is used in this study to ascertain the significant seismic soil liquefaction factors from the literature and consists of planning, selection, extraction, and execution phases (see Figure 1) . The systemic literature review approach removes the potential bottlenecks associated with the application of accurate methodology and simply helps to expand the subsequent sections on the paper. Readers can refer to the literature [14, 15] for the detailed systematic literature review process.
The purpose and scope of a systematic literature review in this study was the identification of the significant seismic soil liquefaction factors and their relationships. A protocol is a plan that describes the conduct of a proposed systematic literature review [22] . As published literature is interlinked to a considerable degree, one paper leads to others. So, picking up one thread eventually leads to others. As references accumulated, some of them were more vital and useful and some references, such as seminal papers, were found to be generally referenced a number of times in the relevant literature.
The literature review search was strengthened by online scientific databases such as Science Direct, Bing, Taylor and Francis, Google Scholar, Emerald, etc. using the primary keywords soil liquefaction, interpretive structural modeling, and MICMAC analysis and the secondary keywords soil type, fines content, magnitude of earthquake, groundwater table.
Research articles published in reputed scholarly journals, doctoral theses, master theses, working papers, and survey reports published on soil liquefaction influencing factors by professional individuals and agencies were incorporated in this study. Several studies were found that clearly did not meet the requirements or were of insufficient quality to be included in the review synthesis and were excluded.
The main purpose was to obtain qualitative information from scientific publications rather than to quantify the research on the subject. Published research papers have concluded that there are three groups of parameters i.e., seismic parameters, site conditions, and soil parameters that control the soil liquefaction phenomenon. Seed and Idriss [23] pointed out that seismic parameters, site The systemic literature review approach removes the potential bottlenecks associated with the application of accurate methodology and simply helps to expand the subsequent sections on the paper. Readers can refer to the literature [14, 15] for the detailed systematic literature review process.
The main purpose was to obtain qualitative information from scientific publications rather than to quantify the research on the subject. Published research papers have concluded that there are three groups of parameters i.e., seismic parameters, site conditions, and soil parameters that control the soil liquefaction phenomenon. Seed and Idriss [23] pointed out that seismic parameters, site conditions, and soil parameters should be taken into consideration at the same time in assessing soil liquefaction potential, and can be subdivided into more parameters.
Field experts examined and analyzed the preliminary list and they believed that the soil liquefaction factors retrieved from the literature were important for expanding exploratory research by developing a structural self-interaction matrix for interpretive structural modeling. Based on the synthesis of the systematic literature review and field experts' opinions, significant seismic soil liquefaction factors (see Table 1 ) have been identified. The descriptions of these significant factors are as follows:
1 Earthquake magnitude Soil liquefaction potential increases with the magnitude of the earthquake, thus causing more damage. There is no past record of soil liquefaction occurring with earthquakes of magnitude below 5 [13] . Russell Green and Julian Bommer [24] proposed that in liquefaction hazard assessments for engineering applications, magnitude 5.0 should be adopted as the minimum earthquake size to be considered. Boulanger and Idriss revised the magnitude scaling factor relationship for SPT-based liquefaction triggering analyses, incorporating functional dependency on earthquake magnitude [25] . S. Tesfamariam and Z. Liu [26] considered the Stark and Olson [27] earthquake liquefaction datasets and concluded that the likelihood of soil liquefaction increases with increased earthquake magnitude i.e., 7 or more than 7, and consequently decreasing with earthquake magnitude below 6. The study conducted by Ahmad et al. [28] also revealed that the susceptibility of sand increases with earthquakes of magnitude 7.5 to 8.0.
Epicentral distance
Soil liquefaction usually occurs in the epicentral area of earthquakes and also varies with epicentral distance. Papadopoulos [29] proposed an empirical relationship between the maximum epicentral distance and the magnitude of the earthquake in the liquefaction case, as the distance limit of the soil liquefaction site was predicted based on regional or worldwide data.
Duration of earthquake
Previous earthquake records, such as the Empire Valley in 1979, Armenia in 1988, Loma Prieta in 1989, Northridge in 1994, and Kobe in 1995, indicate that the relationship between duration and magnitude is quite uncertain, and factors other than magnitude also affect duration [30] . In the case of reciprocating seismic loads, the liquefaction potential is more likely to occur, and the longer the duration, the higher the pore water pressure that accumulates [13] . Several methods of soil liquefaction assessment consider that the duration of an earthquake is usually proportional to the magnitude of the earthquake.
Peak ground acceleration
Peak ground acceleration is used to classify the intensity of ground motion. The preferred method for estimating peak ground acceleration is the empirical correlation between peak ground acceleration and earthquake magnitude, seismic energy source, and local site conditions. Several correlations have been published to estimate peak ground acceleration for sites on bedrock or rigid to medium-stiffness soils [30] . A preliminary attenuation relationship has also been developed for a limited range of soft soil sites [31] . S. Tesfamariam and Z. Liu [26] considered the Stark and Olson [27] earthquake liquefaction datasets and concluded that the probability of soil liquefaction increases with an increase in the peak ground acceleration value. When the peak ground acceleration is 0.23 g or more, the soil liquefaction susceptibility increases, and consequently, the soil liquefaction susceptibility decrease with peak ground acceleration below 0.15 g. The existing liquefaction assessment methods were used to back-calculate the magnitude and peak ground accelerations which produced the liquefaction that occurred in the Charleston earthquake and the results suggest that the ground motions of the earthquake were significantly less than those currently proposed by the seismological community [32] .
Fines content
The soil liquefaction strength may also vary with the fines content. Numerous studies concluded that anti-liquefaction of soil susceptibility is greatly affected by fines content [33] [34] [35] . As fines content exceeds 30%, soil liquefaction potential increases. However, when the fines content exceeds 50%, the soil liquefaction potential decreases [36] . In addition, the fines content value determines the soil type.
Soil type
Liquefaction susceptibility also depends on the type of soil. The coefficient of uniformity (C u ) and coefficient of curvature (C c ) are generally used to explain the grain size composition. Kishida [37] concluded that the uniformity coefficient may also play an important role in controlling soil liquefaction resistance, i.e., the higher the uniformity coefficient, the greater the soil liquefaction resistance will be. In addition, according to the performance of the site during the Niigata earthquake, Ohsaki [38] preliminary stated that if the value of C u is lesser, the soil liquefaction resistance is worse. According to statistical data, when the C u value is greater than 10, the soil is less likely to become liquefied [13] .
Mean particle size
In the case of larger average size particle (D 50 ), the likelihood of soil liquefaction is lower because excess pore water pressure of soil is less likely to accumulate in larger particle gaps. Hakam [39] analyzed the data from [40] and concluded that the average particle size of 78% of liquefaction cases was between 0.1125 and 0.3375 mm. Liquefaction history demonstrates that soil liquefaction is related to the average particle size (D 50 ) of the soil. A large number of experiments were carried out on sand samples of varying particle size in well graded and gap graded distributions and showed that soil liquefaction had greater and less resistance to monotonic loads, respectively [41] .
Relative density
Liquefaction resistance of soil increases with relative density. Hakam [39] used tri-axial equipment in the laboratory for a number of liquefaction tests and the results showed that soil with relatively high density had a large cyclic stress ratio (CSR), indicating resistance to soil liquefaction. The conclusion can be made from the results of the laboratory tests and the history of the field cases indicating that the initial void ratio or the relative density of a particular soil is one of the most important factors controlling soil liquefaction. The limit of relative density beyond which liquefaction will not occur is about 0.75 [42] .
Drainage condition
The better soil drainage conditions are, the less likely soil liquefaction is. In addition, if the drainage conditions of the overlying soil are also good, the water in the sand layer can easily drain from the overlaying soil, and thus excessive pore water pressure is less likely to accumulate. The slight drainage during cyclic shear applications significantly affects the rate of accumulation of pore water pressure [43] .
Degree of consolidation
The degree of consolidation plays a significant role in soil liquefaction. If the degree of consolidation is greater, the cohesion between the soil particles is stronger than the accumulation of the excess pore water pressure, and the soil requires more pore water pressure for liquefaction to occur. Korhan Adalier and Ahmed Elgamal [44] conducted a centrifuge test to investigate the effect of over-consolidation on liquefaction in clean, saturated sand. Test data indicates that the likelihood of liquefaction decreases with increasing consolidation ratio (OCR), relative density, and prior shaking.
Standard penetration test blow counts
Standard penetration test has been employed as a convenient factor to express the resistance of sandy soils to liquefaction. There is a fairly well-defined relation in which standard penetration test blow counts for the liquefied soils decreases with either an increase in fines content or a decrease in mean particle size [45] .
Appl. Sci. 2019, 9, 233 7 of 21 12 Effective vertical stress A proper assessment of the soil effective stress state is critical in many cases to identify a potential geotechnical hazard. Preliminary validation of a novel method for the assessment of effective stress state in partially saturated soils was proposed by Lo Presti et al. in 2018 based on the interpretation of piezocone tests [46] . Loose soils are more susceptible to liquefaction than dense soils under the same effective stress. At the same density, soil under high effective stress is more susceptible to liquefaction than soil under low effective stress. S. Tesfamariam and Z. Liu [26] considered the Stark and Olson [27] earthquake liquefaction datasets and, intuitively, with a decrease in effective vertical stress, (σ v ) the likelihood of soil liquefaction increases.
13 Groundwater table A rise in the groundwater level weakens the soil's resistance to liquefaction. When the groundwater level rises from 2 m, the impact on soil liquefaction potential is greater [47] . The design criteria against seismic soil liquefaction must be in minimizing the modification of the water table regime [48] .
14 Depth of soil deposition
The depth of soil deposition is closely related to the effective vertical stress. If the depth of soil deposition is greater, the effective vertical stress is greater. Increased vertical stress is known to increase the soil's bearing capacity and shear strength, thereby reducing the likelihood of soil liquefaction. Florin and Ivanov [49] concluded that even liquefaction from very loose sand is almost impossible for over 15 m of overburden, and the same soil depth was also concluded by Satyam [50] for the preliminary assessment of the soil liquefaction potential in a seismically active region.
15 Thickness of soil layer Acacio et al. [51] analyzed the city of Dagupan after the 1990 Luzon event and revealed that the observed damage to the building was very small or absent in the presence of a sufficiently thick un-liquefied surface layer; especially in the case where the thickness exceeded 3 m. According to a survey conducted by the Japanese Society of Civil Engineers, when the thickness of the soil layer-sand exceeds 3 m, liquefaction should only occur with larger earthquake magnitude. However, when the thickness is between 1.0 m and 3.0 m, the soil is susceptible to liquefaction. Thickness of soil layer, (h) [51] The hierarchy structure in the present study of the significant seismic soil liquefaction susceptibility factors is shown in Figure 2 .
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Groundwater Thickness of soil layer, (h) [51] The hierarchy structure in the present study of the significant seismic soil liquefaction susceptibility factors is shown in Figure 2 . 
Methodology
First, an interpretive structural model was developed, resulting in a strong concept of the relationships of the different soil liquefaction factors. Next, MICMAC analysis was used to determine indirect relations between the seismic soil liquefaction factors.
Interpretive Structural Modeling (ISM)
In this section, the step-by-step process for developing the ISM model is described. Sushil [17] described the steps involved in the current research ISM methodology (see Figure 3 ) is as follows: 
Methodology
Interpretive Structural Modeling (ISM)
In this section, the step-by-step process for developing the ISM model is described. Sushil [17] described the steps involved in the current research ISM methodology (see Figure 3 ) is as follows:
Identification of Factors
Seismic soil liquefaction significant factors are identified by using a SLR approach [14, 15] and examined by field experts who approved the preliminary list of seismic soil liquefaction factors.
Structural Self-Interaction Matrix (SSIM)
The contextual relationship between each pair of factors was established according to domain knowledge, representing whether or not one factor leads to another. Four symbols are used to determine the relationship between two factors (i and j):
V: means factor i leads to factor j (factor i will influence factor j). A: means factor j leads to factor i (factor i will be influenced by factor j). X: represents a bidirectional relationship (factors i and j will influence each other). O: no relation between the factors. 
Reachability Matrix
SSIM is converted to a binary matrix, called the initial reachability matrix, by replacing with 1 or 0 as per rules for transformation (see Table 2 ).
After obtaining the initial reachability matrix, the property of transitivity must be checked to obtain the final reachability matrix. This means that if (i, j) = 1 and (j, k) = 1, then (i, k) = 1. The reachability and antecedent sets of factors are developed from the final reachability matrix. The "reachability set" for a particular factor includes the factor itself and other factors it might help to achieve, and the "antecedent set" consists of the factor itself and other factors that may help in achieving it. Subsequently, the intersection of these sets is derived for all factors. The factor for which the reachability and the intersection sets are the same is given as a first level. Then, this factor is separated out from the other factors for the next level-iteration process. The same level-iteration process is repeated until all level of each factor are established.
Diagraph
According to the levels of each factor and the final reachability matrix, an initial model of ISM, with regard to the transitivity, is drawn. Then, the final version of ISM is computed by removing the transitivity of nodes. The conceptual inconsistency of the model is tested and improved.
MICMAC Analysis
In MICMAC analysis, factors are divided into four clusters with respect to the driving power and dependence power. These clusters are: Cluster I: Autonomous Factors-factors that are relatively cut off from the system and have weak or no dependence on other factors; Cluster II: Dependent Factors-cluster II factors are primarily dependent of other factors; Cluster III: Linkage factors-the connecting factors that are unstable and most influence others; and Cluster IV: Independent Factors-these factors have weak influence from others factors and have to be paid maximum attention owing to the strong key factors.
Results and Discussion

Interpretive Structural Modeling
The set of liquefaction factors identified in Table 1 for soil liquefaction potential was used to develop the model which represented the correlation between fifteen soil liquefaction parameters. In the ISM model, the initial step was the development of the structure self-interaction matrix (SSIM) where the soil liquefaction factors of each pair were compared by the correlation criteria and four symbols V, A, X, or O were used (see Table 3 ). For example, relative density F8 (D r ) influences the standard penetration test blow counts, F11 (SPT N-value) so the symbol used is V. Depth of soil deposit F14 (D s ) influences the degree of consolidation, F10 (OCR) so the symbol used is A. Relative density F8 (D r ) and degree of consolidation, F10 (OCR) influence each other so the symbol used is X. Earthquake magnitude F1 (M) has no relation with the thickness of soil layer F15 (h) so the symbol used is O. SSIM is converted to a binary matrix called the initial reachability matrix by replacing the original symbols V, A, X, and O with 1 or 0 (Table A1) as per the rule illustrated in methodology Section 3.1. When pair of the same factor, i.e., F1 (M) with F1 (M) is formed, it is represented by 1. The concept of transitivity is introduced in Table A1 when the initial reachability matrix has been obtained and is presented in final reachability matrix (Table A2) , wherein entries marked * show the transitivity. For example, in Table A1 , the initial reachability matrix shows that F15 (h) is interrelated to F8 (D r ), and F8 (D r ) is interrelated to F11 (SPT N-value), then the interaction F15 (h) and F11 (SPT N-value) having 0 value is transformed into 1* in Table A2 . The reachability sets are determined from the factor itself and other factors which have influence in the horizontal direction, while the antecedent sets consist of the factor itself and other factors which have influence in the vertical direction for each significant soil liquefaction factor. For example, in the case of F1 (M) in the final reachability matrix (Table A2 ), the reachability set will be all factors with values of 1 or 1* in the row intersections with F1 (M): F1 (M), F3 (t), F4 (a max ), and F16 (LP). The antecedent set will be all factors with values of 1 or 1* in the column intersections with F1 (M): F1 (M) only. When the intersection set and reachability set appear in the same intersection and reachability columns, then the corresponding soil liquefaction factors are confirmed at a level (e.g., F16 (LP) as level 1) and the soil liquefaction factors in that level are separated out, e.g., F16 (LP) from the other factors for the next level-iteration process. 
V denotes that the row factor influences the column factor. A denotes that the column factor influences the row factor. X denotes that the row factor and column factor influence each other. O denotes that there is no relationship between the row factor and column factor.
The same level-iteration process is repeated until the level of each seismic soil liquefaction factor is established. Level partitioning of the soil liquefaction factors is accomplished in six iterations and shown in Tables A3-A8 
MICMAC Analysis-Classification of Seismic Soil Liquefaction Factors
MICMAC is used to examine the strength of the relationship between driving power and dependence power of seismic soil liquefaction factors. The soil liquefaction factors have been categorized into four clusters based on their driving and dependence power, as shown in Figure 5 (see Table A2 in Appendix A). 
MICMAC is used to examine the strength of the relationship between driving power and dependence power of seismic soil liquefaction factors. The soil liquefaction factors have been categorized into four clusters based on their driving and dependence power, as shown in Figure 5 (see Table A2 in Appendix A). Cluster I represents autonomous factors and consists of soil liquefaction factors which have weak driving and dependence power. This cluster has ten seismic soil liquefaction factors (62.5%). Cluster I factors are relatively disconnected from the system. Autonomous factors in cluster I are earthquake magnitude F1 (M), epicentral distance F2 (S), duration of earthquake F3 (t), peak ground acceleration F4 (amax), fines content F5 (Fc), mean particle size F7 (D50), effective vertical stress F12 (σv), groundwater table F13 (Dw), depth of soil deposit F14 (Ds), and thickness of soil layer F15 (h).

Cluster II: Dependence factors
Dependence factors have a strong dependence power and weak driving power. This dependence cluster has five seismic soil liquefaction factors (31.25%), including relative density F8 (Dr), drainage condition F9 (K), degree of consolidation F10 (OCR), standard penetration test blow counts F11 (SPT N-value), and liquefaction potential F16 (LP). In the ISM model, these factors form the top levels which need other soil liquefaction factors that collectively act to influence soil liquefaction.
Cluster III: Linkage factors
Linkage factors have a strong driving power as well as strong dependence power. No factors fell in this cluster.
Cluster IV: Independent/Driving factors Cluster IV consists of driving factors that have strong driving power but weak dependence power. In this cluster, only one seismic soil liquefaction factor (around 6.25%), i.e., soil type F6 (Cu and Cc), was found, which plays a governing role in soil liquefaction susceptibility.
Cluster I: Autonomous factors
Cluster I represents autonomous factors and consists of soil liquefaction factors which have weak driving and dependence power. This cluster has ten seismic soil liquefaction factors (62.5%). Cluster I factors are relatively disconnected from the system. Autonomous factors in cluster I are earthquake magnitude F1 (M), epicentral distance F2 (S), duration of earthquake F3 (t), peak ground acceleration F4 (a max ), fines content F5 (F c ), mean particle size F7 (D 50 Cluster IV consists of driving factors that have strong driving power but weak dependence power. In this cluster, only one seismic soil liquefaction factor (around 6.25%), i.e., soil type F6 (Cu and Cc), was found, which plays a governing role in soil liquefaction susceptibility.
Cluster II: Dependence factors
Dependence factors have a strong dependence power and weak driving power. This dependence cluster has five seismic soil liquefaction factors (31.25%), including relative density F8 (D r ), drainage condition F9 (K), degree of consolidation F10 (OCR), standard penetration test blow counts F11 (SPT N-value), and liquefaction potential F16 (LP). In the ISM model, these factors form the top levels which need other soil liquefaction factors that collectively act to influence soil liquefaction. Cluster IV consists of driving factors that have strong driving power but weak dependence power. In this cluster, only one seismic soil liquefaction factor (around 6.25%), i.e., soil type F6 (Cu and Cc), was found, which plays a governing role in soil liquefaction susceptibility. Cluster IV consists of driving factors that have strong driving power but weak dependence power. In this cluster, only one seismic soil liquefaction factor (around 6.25%), i.e., soil type F6 (Cu and Cc), was found, which plays a governing role in soil liquefaction susceptibility.
Cluster IV: Independent/Driving factors Cluster IV consists of driving factors that have strong driving power but weak dependence power. In this cluster, only one seismic soil liquefaction factor (around 6.25%), i.e., soil type F6 (C u and C c ), was found, which plays a governing role in soil liquefaction susceptibility.
Conclusions
In this paper, fifteen significant factors for seismic soil liquefaction potential (LP) were identified with the systematic literature review approach, including earthquake magnitude F1 (M), epicentral distance F2 (S), duration of earthquake F3 (t), peak ground acceleration F4 (a max ), fines content F5 (F c ), soil type F6 (C u and C c ), mean particle size F7 (D 50 ), relative density F8 (D r ), drainage condition F9 (K), degree of consolidation F10 (OCR), standard penetration test blow counts F11 (SPT N-value), effective vertical stress F12 (σ v ), groundwater table F13 (D w ), depth of soil deposit F14 (D s ), and thickness of soil layer F15 (h). These factors are compared pairwise to create the data for structural analysis by using interpretative structural modeling (ISM) and MICMAC analysis. Seismic soil liquefaction is a complex problem and contains many factors, whereas structural analysis allows a precise way of selecting significant factors for establishment of soil liquefaction potential and liquefaction-induced hazards risk assessment models. Since seismic soil liquefaction is influenced by various factors, considering all these factors in soil liquefaction evaluation will be extremely complex as even few seismic soil liquefaction factors are not simple to deal with. Two important characteristics of seismic soil liquefaction factors were illustrated in this paper. First, the levels of the seismic soil liquefaction significant factors were determined by the ISM model. In the ISM model, the seismic soil liquefaction factors of duration of earthquake F3 (t), peak ground acceleration F4 (a max ), drainage condition F9 (K), and standard penetration test blow counts F11 (SPT N-value) influenced soil liquefaction directly and were located at level 5 (top level) in the interpretive structural model, meaning they require additional seismic soil liquefaction factors to collaboratively impact on soil liquefaction potential. The multilevel hierarchy revealed that soil type F6 (C u and C c ) is the most governing factor that triggers soil liquefaction. Driving power was the second characteristic of soil liquefaction factors. Factors with higher driving power should receive extra attention. Autonomous soil liquefaction factors have weak dependence on other soil liquefaction factors and have less interaction. The model developed in this study clearly illustrates the complex relationships between factors and demonstrates the direct and indirect relationships in order to identify the key significant factors that influence soil liquefaction susceptibility. Our results can provide guidelines for the selection of factors and establishment of models for risk evaluation of soil liquefaction.
In the future, based on ISM, a quantitative method such as Bayesian Belief Network (BBN) will be utilized to establish the seismic soil liquefaction potential and liquefaction-induced hazards risk assessment. CPT tip resistance can also be used as an alternative to SPT N-value in the future to establish Bayesian Belief Networks (BBN) models for seismic soil liquefaction potential and liquefaction-induced hazards risk assessment according to the soil liquefaction CPT historic data.
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